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Inositol Trisphosphate
and Cyclic ADP-Ribose±Mediated Release of Ca21
from Single Isolated Pancreatic Zymogen Granules
Oleg V. Gerasimenko, Julia V. Gerasimenko, in the basal part of the cell (Kasai et al., 1993). It has
also been shown that focal ACh application at the basePavel V. Belan, and Ole H. Petersen
of thecell can evokea cytosolic Ca21 rise in thesecretoryMedical Research Council Secretory Control
pole, some considerable distance away from the site ofResearch Group
messenger generation (Thorn et al., 1993), most likelyPhysiological Laboratory
owing to rapid diffusion of the very mobile messengerUniversity of Liverpool
IP3 to the site with the highest sensitivity in the secretoryLiverpool L69 3BX
pole (Kasai and Petersen, 1994). All these data indicateUnited Kingdom
that in pancreatic acinar cells the secretory pole has a
special role in Ca21 signaling because of its high sensitiv-
ity to IP3, which is most likely either due to a relativelySummary
high concentration of IP3 receptors in this region or to
the particularly high affinity of the IP3 receptors in theIn pancreatic acinar cells low (physiological) agonist
secretory pole for IP3 (or to both causes) (Petersen etconcentrations evoke cytosolic Ca21 spikes specifi-
al., 1994). An immunocytochemistry study has showncally in the apical secretory pole that contains a high
that the type 3 IP3 receptor is specifically localized indensity of secretory (zymogen) granules (ZGs). Inositol
the secretory pole of pancreatic acinar cells (Nathanson1,4,5-trisphosphate (IP3) is believed to release Ca21
et al., 1994). The local Ca21 spikes in the secretory polefrom the endoplasmic reticulum, but we have now
are of physiological importance, since they are sufficienttested whether the Ca21-releasing messengers IP3 and
to evoke spikes of exocytosis, as revealed by capaci-cyclic ADP-ribose (cADPr) can liberate Ca21 from ZGs.
tance measurements (Maruyama et al., 1993; MaruyamaIn experiments on single isolated ZGs, we show using
and Petersen, 1994).confocal microscopy that IP3 and cADPr evoke a It is well known from numerous electron microscopicmarked decrease in the free intragranular Ca21 con-
studies that in pancreatic acinar cells the secretory polecentration. Using a novel high resolution method, we
is densely packed with zymogen granules (ZGs),have measured changes in the Ca21 concentration in
whereas the nucleus and the ER dominate the basalthe vicinity of an isolated ZG and show that IP3 and part of the cell (Kern, 1993; Gorelick and Jamieson,cADPr cause rapid Ca21 release from the granule, ex-
1994). The fact that the physiologically relevant cytosolicplaining the agonist-evoked cytosolic Ca21 rise in the
Ca21 signals occur in the region mainly containing ZGs,secretory pole.
and not in the part of the cell dominated by the ER,
prompted us to investigate the possibility that ZGs,
Introduction which are known to have a high Ca21 content (Clemente
and Meldolesi, 1975; Nakagaki et al., 1984; Nicaise et
An important class of agonist-evoked cytosolic Ca21 al., 1992), may release part of their stored Ca21 in re-
signals is due to messenger-mediated release of Ca21 sponse to IP3 stimulation. Yoo and Albanesi (1990) de-
stored intracellularly. The most important Ca21-releas- scribed experiments in which IP3 evoked an increase
ing messenger is inositol 1,4,5-trisphosphate (IP3), and in the Ca21 concentration (time to peak about 1 min)
following the demonstration that IP3 releases Ca21 from surrounding populations of isolated adrenal chromaffin
the endoplasmic reticulum (ER) (Streb et al., 1984), it has granules, but this finding has remained controversial
been generally accepted that agonists evoke cytosolic (Kasai, 1995).
Ca21 signals via IP3-mediated Ca21 liberation from the We now report results from experiments in which,
ER (Berridge, 1993; Clapham, 1995). using confocal microscopy, we have succeeded in mak-
In the highly polarized pancreatic acinar cells, it has ing measurements of the free Ca21 concentration inside
been shown that low (physiological) concentrations of single granules or in the extragranular space very close
the peptide hormone cholecystokinin (CCK) or the neu- to a single isolated ZG. We show that IP3 and another
rotransmitter acetylcholine (ACh) evoke local cytosolic putative Ca21-releasing messenger, cyclic ADP-ribose
Ca21 spikes in the apical secretory pole (secretory gran- (cADPr) evokea marked decrease in the Ca21 concentra-
ule area). These spikes can occur alone or repetitively tion inside single ZGs. Using a novel high resolution
and in some cases precede longer lasting Ca21 signals, method, we also show that local ionophoretic IP3 appli-
which spread throughout the cell (Thorn et al., 1993; cation generates a fast and steep rise in the Ca21 con-
Kasai et al., 1993). The local Ca21 spikes in the secretory centration (time to peak about 5 s) just outside the ZG.
pole are not due to regional CCK or ACh receptors in These results show directly that IP3-mediated Ca21 re-
the apical part of the cell, since intracellular infusion of lease from secretory granules occurs and that it has a
IP3 (or a nonmetabolizable IP3 analog) evokes repetitive time course relevant to cytosolic Ca21 spike generation.
Ca21 spikes that are either confined to the secretory
pole or initiated in this part of the cell before spreading Results
(Thorn et al., 1993). Selective micropipette injections of
IP3 into the secretory pole or the basal part of the cell The ZG Preparation
reveal a much higher sensitivity of the Ca21 release To assess the ability of IP3 and cADPr to evoke Ca21
release from ZGs, it was necessary to isolate a highmechanism to the messenger in the secretory pole than
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Figure 1. Isolated ZGs from Pancreas Take up the Ca21-Sensitive
Figure 2. Isolated ZGs Are Not Stained by a Fluorescent ER MarkerFluorescent Probe Mag±Fura Red and Can Be Stained by the Fluo-
rescent Probe LysoTracker, Which Accumulates in Acidic Compart- Secretory granuleson the surface of a coverslip are seen in transmit-
ments ted light (a), and the lack of fluorescence after incubation with the
ER marker DiOC6(3) from the same field is shown (b). Fluorescence,Secretory granules on the surface of a coverslip are seen in transmit-
again from the same field, after incubation with LysoTracker isted light (a); the Mag±Fura red fluorescence (same field) is shown
shown in (c). Fluorescence from a sample of the pancreatichomoge-(b); and, finally, the fluorescence of LysoTracker is recorded, again
nate after incubation with the ER marker DiOC6(3), using the samefrom the same field (c). Calibration bars, 2 mm.
conditions of staining and registration as in (b), is shown in (d).
Calibration bars, 2 mm.
purity fraction of ZGs, but at the same time also to evolve
a relatively quick isolation protocol so as to preserve experiments, Acridine orange was used instead of Lyso-
the responsiveness of the organelles. Tracker, with similar results.
Figure 1a shows a representative photograph of iso- We also tested whether there was evidence of con-
lated ZGs in transmitted light (488 nm). The picture tamination with ER in our preparation. Figure 2a shows
shows mostly single granules, seen as black spheres a preparation of ZGs in transmitted light. These granules
(ZGs effectively absorb light with a wavelength near 500 did not produce any measurable fluorescence after
nm). Figure 1b shows the fluorescence from the same staining with the ER dye 3,39-dihexyloxacarbocyanine
field of ZGs loaded with Mag±Fura red (excitation 488 iodide (DiOC6(3)) (Figure 2b), but were brightly stained
nm, emission >590 nm). The majority of ZGs stained afterward with LysoTracker (Figure 2c). In parallel exper-
well with the fluorescent dye. After the images shown iments, DiOC6(3) under the same conditions brightly
in Figures 1a and 1b were obtained, a specific stain stained particles in the pancreatic homogenate that we
for acidic organelles, LysoTracker, was added to the used for isolation of the secretory vesicles (Figure 2d).
experimental chamber, and after 5 min the fluorescence In previous experiments on isolated nuclei (Gerasi-
image from the same field (Figure 1c) was recorded menko et al., 1995), we could show bright staining of
(excitation 488 nm, emission 515±560 nm). It can be the nuclear envelope (the outer nuclear membrane has
seen that most of the ZGs stained brightly with this dye, ER properties) using the same concentration of this fluo-
rescent ER marker (see Figure 2B in Gerasimenko et al.,indicating that the intragranular space is acidic. In some
Secretory Granule Ca21 Release
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Table 1. Distribution of a-Amylase and Protein in Subcellular Fractions Isolated from Mouse Pancreas
Protein a-Amylase
Fractions Volume (ml) mg/ml Yield (%) U/ml Yield (%) Enrichment (fold)
Homogenate 7 3.9 100 69.4 100 1
ZGs 1 1 3.6 208 10.7 3
1995). We therefore conclude that our ZG preparation produce any measurable change in the fluorescence of
Fluo-3 (Figure 3D), but IP3 added afterward induced theis essentially free of ER contamination. This conclusion
is reinforced by the inability of thapsigargin (Tg), a spe- usual response (n 5 7).
To evaluate the maximal releasable amount of Ca21cific inhibitor of ER Ca21 ATPase, to evoke Ca21 release
from the ZGs (see below). from the ZGs, 10 ml of the sample of the granules was
put into the camera. Indo-1 (200 mM) and 1 mM EGTAActivity of a-amylase and total protein concentrations
were measured in the ZG fraction and the cell homoge- were added. Ca21 was released by addition of 20 mM
ionomycin or 0.5% Triton X-100. The amounts of Ca21nate. As shown in Table 1, the ZG fraction had a 3-fold
higher concentration of a-amylase than the homoge- released from the granules was estimated by addition
of different amounts of Ca21 afterward and in controlnate, corresponding to values previously reported (Ful-
ler et al., 1989). experiments. The total releasable Ca21 concentration in
Release of Ca21 to the Extragranular Medium
For measurements of changes in the free Ca21 concen-
tration in the medium surrounding isolated secretory
granules, 10 ml samples containing 100 mM Fluo-3 or
Indo-1 (added from 2 mM stocks) were placed in the
experimental chamber on the stage of the confocal mi-
croscope with a 203 Nikon objective. Measurements
with Fluo-3 were done with an excitation wavelength of
488 nm and emission wavelengths of 510±560 nm. With
Indo-1, we used an excitation wavelength of 363 nm,
and the ratios of emission at 405 nm and 495 nm were
recorded. The free Ca21 concentration in the extragranu-
lar medium was 160 6 7 nM. To test the effect of IP3,
we used either the normal D-myo IP3 or the nonmetabo-
lizable analog, D-myo 3-deoxy-3-fluoro IP3 (Parekh et
al., 1993; Wilcox et al., 1994). Similar results were ob-
tained with both agents, and the data were therefore
pooled. Application of 5 mM IP3 (Figure 3A) evoked a
clear increase in the extragranular Ca21 concentration
in three experiments. IP3 in a concentration of 25 mM
evoked an increase of the extragranular free Ca21 con-
centration (Figure 3B) of 55 6 5 nM (SEM, n 5 15). This
corresponds approximately to an elevation of about 5
mM of total Ca21 concentration in the medium. This rep-
resents a decrease of about 0.5 mM in the total Ca21
concentration in the pellet of the granules. Heparin (0.2
mg/ml) abolished the effect of IP3 (25 mM) in all three
experiments carried out.
Application of cADPr from a 1 mM stock to attain a
concentration of 25 mM caused a rise in Ca21 concentra-
tion of 49 6 7 nM (n 5 6) in the extragranular medium
(Figure 3C). This corresponds to a 4.3 mM rise of the
total Ca21 concentration in the medium, representing a
decrease of 0.43 mM in the total Ca21 concentration in
the pellet of the granules. Similar results were obtained
with Indo-1 in place of Fluo-3 (IP3, n 5 20; cADPr, n 5
7). Both IP3 and cADPr can be contaminated with Ca21.
To check this, we did control experiments and found
Figure 3. IP3 and cADPr, but Not Tg, Can Evoke a Rise in the Ca21that either IP3 or cADPr (both at 25 mM) added to the Concentration in the Medium Surrounding Isolated ZGs
same medium caused less than a 5 nM elevation in the
Medium Ca21 concentration was measured with the extragranular
free Ca21 concentration. At 10 mM, Tg, a specific blocker fluorescent probe Fluo-3 (100 mM). Shown are the effects of IP3 at
of ER Ca21 ATPases (Thastrup et al., 1990; Clapham, 5 mM (A) and 25 mM (B), cADPr at 25 mM (C), and Tg at 10 mM,
followed by IP3 at 25 mM (D).1995; Petersen et al., 1994; Pozzan et al., 1994), did not
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the volume of the pellet of the granules was 13 6 3 mM
(n 5 4).
Measurements of Changes in the Intragranular
Free Ca21 Concentration
To study changes in the free Ca21 concentration inside
granules, we incubated them with Mag±Fura red±
acetoxymethyl ester (AM), using the general approach
developed by Hofer and Machen (1993). Measurements
were done with an excitation wavelength of 488 nm, and
emission above 590 nm was recorded. The estimated
free Ca21 concentration inside the granules (assuming
a Kd of Mag±Fura red for Ca21 of 17 mM) was 55 6 4
mM (n 5 25). IP3 (25 mM) caused a 30% 6 3% (n 5 8)
reduction in free Ca21 concentration inside the granules
from the prestimulation level. Thereafter, the intragranu-
lar Ca21 concentration stabilized at the new level.
cADPr (25 mM) also caused a decrease in the intragra-
nular Ca21 concentration of 25% 6 3% (n 5 5) from the
level before application. Application of 10 mM Tg did
not change the intragranular Ca21 concentration, but
again IP3 added afterward produced a clear reduction
(n 5 5).
Measurements of the Free Ca21 Concentration
inside a Single ZG
Single granule measurements were carried out on Mag±
Fura red±loaded preparations (excitation 488 nm, emis-
sion >590 nm). Fields with granules were chosen using
the transparent light option of the confocal microscope,
and regions of interest were selected on dark round
Figure 4. IP3 and cADPr, but Not Tg, Can Evoke a Reduction in theparticles with diameters of about 1 mm. Figures 4A±4C Free Intragranular Ca21 Concentration in Single ZGs
show examples of such experiments, in which simulta- The six records shown in each of the three parts (A±C) of the figure
neous fluorescence signals from six isolated granules represent simultaneous Ca21 measurements in six individual ZGs.
in the field are presented. The regions chosen coincided The intragranular Ca21 concentration was measured with the Ca21-
sensitive probe Mag±Fura red. (A) and (B) show the effect of IP3 andwith bright particles of the same size as the black ones
cADPr, respectively, and (C) shows the lack of effect of Tg.in the transparent light (see also Figure 1). The estimated
free Ca21 concentration inside single granules was 50
6 1 mM (n 5 70). IP3 was injected into the medium near was situated 15 mm away from the granule (outside the
the granules chosen for measurements and caused a field shown in Figures 5A±5C). Injections of IP3 caused
reduction of 25% 6 3% (n 5 30) in the free intragranular rapid release of Ca21 from single ZGs (n 5 3) and from
Ca21 concentration (Figure 4A). Similar responses were small clusters of granules (n 5 6). The transient eleva-
obtained using injection of cADPr (reduction of 30% 6 tions of the free Ca21 that could be recorded from the
5%, n 5 24) (Figure 4B). Addition of 10 mM Tg did not box situated near the granule were hardly detectable a
evoke any changes (n 5 24) (Figure 4C). few micrometers away from the granule, and no changes
occurred more than 10 mm away. Control injections of
IP3 into the same media but without ZGs did not produceMeasurements of the Changes of Free Ca21
Concentration in Media Surrounding any changes in the fluorescence intensity.
Single ZGs
Measurements of the release of Ca21 from single ZGs Changes in the Cytosolic Free Ca21 Concentration
in Intact Cells Due to ACh or Tg Administrationwere carried out using calcium green 1±dextran (excita-
tion 488 nm, emission 510±560 nm). Fields with single It has been well documented that ACh and CCK evoke
changes in the cytosolic free Ca21 concentration that aregranules were chosen using the transparent light option
of the confocal microscope (Figure 5), and regions of either confined to the secretory granule area or initiated
there before spreading to the rest of the cell (Kasai andinterest were selected (one close to the secretory gran-
ule and another, a control, 10±15 mm away from the Augustine, 1990; Toescu et al., 1992; Thorn et al., 1993;
Kasai et al., 1993). Toescu et al. (1992) showed that, ingranule). Applications of IP3 were made using ionopho-
retic injection (Figure 5). Recordings of the fluorescence contrast to the effect of the secretagogues, the specific
ER Ca21 ATPase inhibitor Tg (Thastrup et al., 1990) pri-intensity reported by calcium green 1±dextran (70 kDa)
are shown in Figure 5D. The upper trace shows the marily evoked Ca21 release from the basolateral regions
of pancreatic acinar cells. In the experiments reportedsignal measured in the box near the granule (Figures
5A±5C), and the lower trace corresponds to a box that by Toescu et al. (1992), a brief ACh stimulus was first
Secretory Granule Ca21 Release
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Figure 5. IP3 Evokes Elevation of the Extragranular Ca21 Concentra-
tion in the Immediate Neighborhood of a Single Isolated Secretory
Granule
(A) shows a schematicpicture of the experiment. IP3 (InsP3) is applied Figure 6. In the Intact Pancreatic Acinar Cell, ACh Evokes a Local-by ionophoresis from a micropipette filled with 1 mM IP3. Ca21- ized Ca21 Rise in the Secretory Pole, whereas Tg Mainly Elevatessensitive fluorescence from calcium green 1±dextran placed in the
Ca21 in the ER-Rich Basolateral Regionextragranular solution is recorded from the box shown.
(A) shows a transparent light picture of a single cell (calibration bar,(B) shows a transparent light picture of the single granule and iono-
5 mm) and shade-corrected fluorescent light images (loading withphoretic electrode (right). Calibration bar, 1 mm. (C) shows a fluores-
Fura red) before and after 3 s of ionophoretic application of ACh. Thecent light picture of the same field shown in (B). Box represents
localized (transient) elevation of cytosolic free Ca21 concentration upregion of measured intensity (recording shown in upper trace in [D]).
to 900 nM is in the secretory granule region, while no changes occurControl box (recording shown in lower trace in [D]) is 15 mm away
in the basolateral part of the cell.from the granule (data not shown).
(B) shows a transparent light picture of a single cell (calibration bar(D) shows that injection of IP3 causes rapid elevation of fluorescence
is 5 mm) and shade-corrected fluorescent light images (loading withintensity of calcium green 1±dextran (the time to peak from start of
Fluo-3) before and 100 s after addition of 10 mM Tg to the experimen-signal is about 5 s) very near the granule (upper trace), while no
tal chamber. Elevation of the cytosolic free Ca21 concentration oc-changes occur in the control region (lower trace).
curs mainly outside secretory granule area, in the basolateral part
of the cell.
applied, causing a distinct Ca21 rise in the secretory
granule area, and thereafter the cell was allowed to
effect of Tg (10 mM) in a cell that had not previously beenrecover so that the cytosolic free Ca21 concentration in
stimulated with agonist. In agreement with previouslythe secretory granule area was back to normal before
published data (Toescu and Petersen, 1994), Tg evokesapplication of Tg. Nevertheless, it could be argued that
a slow rise in the cytosolic free Ca21 concentration.the failure of Tg in these experiments to cause Ca21
Figure 6B shows that the main Ca21 elevation occurs inrelease in the secretory granule area (Toescu et al.,1992)
the basolateral regions.might have been due to the previous ACh-evoked Ca21
release in that region.
In view of the data shown above indicating that Tg Discussion
cannot release Ca21 from isolated ZGs, it was of interest
to test in the intact cells, using the confocal microscope, Our experiments indicate that Ca21 can be liberated from
single isolated ZGs when they are stimulated by thewhere the primary Tg-evoked Ca21 release occurs. Fig-
ure 6A shows the effect of a brief ionophoretically ap- Ca21-releasing messengers IP3 or cADPr. The free Ca21
concentration inside the unstimulated isolated ZGs isplied ACh stimulus. In agreement with many previous
demonstrations (Kasai et al., 1993; Thorn et al., 1993), about 50 mM, which is close to values previously pub-
lished for IP3-sensitive intracellular Ca21 stores in intactit is clearly seen that the Ca21 rise occurs very specifi-
cally in the secretory granule area. Figure 6B shows the cells (Hofer and Machen, 1993; Tse et al., 1994). We
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have thus demonstrated a source of rapidly mobilizable We have now confirmed this finding using confocal mi-
croscopy (Figure 6). IP3-mediated intracellular Ca21 mo-Ca21, which can help explain the agonist-evoked local
cytosolic Ca21 signals in the secretory granule area pre- bilization in the intact cells therefore occurs primarily
from the least Tg-sensitive part of the cell, which isviously shown in experiments on intact or internally per-
fused pancreatic acinar cells (Thorn et al., 1993, 1994; dominated by secretory granules. In view of the ability
of IP3 to evoke a rapid Ca21 release from isolated ZGsKasai et al., 1993).
The idea that secretory granules could be an impor- (Figure 5), it seems difficult to escape the conclusion
that the Ca21 liberation giving rise to the previously dem-tant source of mobilizable Ca21, explaining agonist-
evoked cytosolic Ca21 signals, is not new (Marty, 1991; onstrated Ca21 spikes in the secretory pole (Thorn et al.,
1993) comes mainly from the ZGs and not from the ER.Petersen et al., 1994; Blondel et al., 1995), but it has
never been generally accepted (Pozzan et al., 1994). Ca21 extrusion across the plasma membrane via Ca21
ATPases is rapidly switched on following agonist-The data of Yoo and Albanesi (1990) demonstrating IP3-
evoked release of Ca21 from an apparently pure fraction evoked intracellular Ca21 release (Tepikin et al., 1992a,
1992b; Zhang et al., 1992), and recent indirect evidenceof bovine adrenal medullary secretory vesicles seemed
to be in conflict with data from granules of the PC12 suggests that the secretory pole is the major site for
Ca21 pump±mediated extrusion in the acinar cellspheochromocytoma cell line originating from rat chro-
maffin cells, which failed to respond to IP3 (Fasolato et (Toescu and Petersen, 1995). In the intact pancreas,
Ca21 released from the secretory granules during ago-al., 1991). Failure to reproduce the data of Yoo and
Albanesi (1990) has also been reported (see Discussion nist stimulation may, therefore, be pumped primarily into
the acinar lumen, where it is needed since endocytosisin Kasai, 1995).
Our data are more direct than those of Yoo and Al- requires extracellular Ca21 (Maruyama et al., 1993). Part
of the Ca21 in the lumen may be taken back into thebanesi (1990), since we were able to measure changes
in the intragranular Ca21 concentration in single isolated cells via the endocytotic pathway to be recycled into
the Golgi complex, eventually emerging in new ZGs.ZGs (Figures 1 and 4), and by high time resolution mea-
surements of Ca21 release from single isolated ZGs fol- ZGs may not have a Ca21 pump (Pozzan et al., 1994),
and our negative Tg data are most easily interpreted inlowing ionophoretic IP3 application (Figure 5), we have
shown that IP3 can evoke rapid and steep responses this way, but these data could also be explained by the
ZG membrane having a very low Ca21 permeability inwith a time course relevant for Ca21 spike generation.
We also demonstrate that the putative Ca21-releasing the absence of stimulation. Since the inside of secretory
granules is acidic, Ca21 influx into the ZG could bedrivenmessenger cADPr can evoke Ca21 release from these
granules (Figures 3 and 4), explaining the previously by Ca21±proton exchange, which may or may not be a
Ca21 ATPase (Nicaise et al., 1992).demonstrated cADPr-evoked Ca21 spikes in the secre-
tory pole of intact cells (Thorn et al., 1994). Our demonstration that both IP3 and cADPr can evoke
Ca21 release from isolated ZGs should not be taken toIt might be argued that the release of Ca21 from ZGs
to the surrounding medium in our experiments could be indicate that IP3 cannot release Ca21 from the ER in the
pancreatic acinar cells. The data from intact or internallydue to undetected contamination of ER vesicles. We
believe that such an interpretation is inconsistent with perfused pancreatic cells clearly show IP3-evoked Ca21
release in the basal part of the cells, which is dominateddata shown here as well as those previously published
for three reasons. First, using the fluorescent ER marker by ER, but the sensitivity of the Ca21 release mechanism
to IP3 is much lower in the ER-rich region than in theDiOC6(3), we were unable to detect any fluorescence
from our isolated ZG preparation (Figure 2). Using ex- secretory granule area (Kasai et al., 1993; Thorn et al.,
1993).actly the same marker in the same concentration and
employing the same confocal microscope, we have pre- Although the secretory granule area in pancreatic aci-
nar cells is clearly dominated by ZGs, whereas the basalviously shown bright fluorescence from the nuclear en-
velope, the outer membrane of which has ER properties region is densely packed with ER (Kern, 1993; Gorelick
and Jamieson, 1994), there are nevertheless some ER(see Figure 2B in Gerasimenko et al., 1995). Second, it
is very well documented in numerous studies that Tg (a vesicles also in the secretory pole (Kern, 1993). Ca21
primarily released from the ZGs could therefore partlyspecific inhibitor of ER Ca21 ATPase) evokes Ca21 re-
lease from the ER (Thastrup et al., 1990; Pozzan et al., be extruded via the plasma membrane by Ca21 ATPases
(Tepikin et al., 1992a, 1992b; Zhang et al., 1992) and1994; Petersen et al., 1994; Clapham, 1995) (Figure 6).
Our consistent failure, using different experimental pro- partly be taken up into the ER compartments in the
secretory pole. Ca21 spiking in the secretory granuletocols (Figures 3 and 4) and even with very high doses
of Tg, to demonstrate any Ca21 release from our ZG area has been demonstrated in response to low doses
of agonists and intracellular IP3 infusion (Thorn et al.,preparation indicates that any possible contamination
with ER vesicles is functionally insignificant. Third, in a 1993), and this is most likely due to the positive and
negative Ca21 feedbacks on Ca21 release channels de-previous imaging study measuring the cytosolic Ca21
concentration in intact mouse pancreatic acinar cells, scribed by many researchers (for review see Petersen
et al., 1994). These feedback processes, of course,we showed that, whereas the initial Ca21 rise following
ACh stimulation occurred in the secretory granule area, would not readily occur under the experimental circum-
stances needed to study Ca21 release from isolatedthe initial Ca21 rise following Tg administration clearly
occurred in the areas of the cell dominated by the ER, granules.
The pancreatic acinar cell has served as an importantwith a smaller rise recorded in the secretory pole (secre-
tory granule area) (see Figure 4A in Toescu et al., 1992). model for the study of intracellular aspects of protein
Secretory Granule Ca21 Release
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Molecular Probes. ATP, IP3 (both IP3 and 3-deoxy-3-fluoro IP3),secretion (Palade, 1975). It is a highly polarized cell spe-
cADPr, the a-amylase diagnostic kit, trypsin inhibitor, and the re-cialized for specific neurotransmitter- or hormone-regu-
maining chemicals were purchased from Sigma.lated protein secretion through the apical (luminal) cell
membrane via exocytosis (Palade, 1975). An IP3-induced Acknowledgments
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